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ABSTRACT:  Bilayer graphene (BLG) possesses a finite bandgap when a potential difference is 
introduced between the two graphene layers. The potential difference is known to be introduced by 
surface charge transfer. Thus, it is expected that a finite bandgap exists at the metal contacts. The 
bandgap at the metal-BLG interface can be detected by the superlinear current-voltage characteristics in 
back-gate field-effect transistors, caused by carriers tunneling through the bandgap. The superlinearity 
was higher in the positively-gated region, attributed to hole doping from the Cr/Au electrodes. The 
control experiments using single-layer graphene (SLG) did not have a superlinearity, which is consistent 
with the fact that a sizeable bandgap is not expected at the metal-SLG interface. The opening of a 
bandgap at the metal-BLG interface is an additional source of electrode-contact resistance. 
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         Graphene has a high charge carrier mobility
1
 and is expected to be an ideal channel material in 
electronic devices that operate at high speeds. However, single-layer graphene (SLG) possesses no 
bandgap, hindering its usefulness in a wide range of applications such as digital logic circuits. The 
introduction of a bandgap in SLG and multilayered analogs has been a subject of intense research. 
Efforts include quantum confinement by forming nanoribbons
2–4
 and applying a perpendicular electric 
field to bilayer graphene (BLG).
5–8
 The former technique is suitable for high-density integration because 
of the ultra-narrow width of the channel. The bandgap of the materials is determined by its width,
2
 but 
microscopic fluctuations in the width generally exist in lithographically patterned nanoribbons,
9
 leading 
to an inhomogeneous band profile and a reduction of the charge carrier mobility.
10
 The latter technique 
offers bandgap controllability (determined by the magnitude of the potential difference between two 
graphene layers) and does not require precise lithographical techniques on the nanometer scale. The 
potential difference can be generated by applying a gate voltage
6–8
 and by introducing a difference in the 
carrier concentration between the two graphene layers by means of surface charge transfer from the 
adsorbed layers.
11,12
 
The most common structure of a BLG field-effect transistor (FET) has a double gate configuration. 
This enables the strength of the displacement field and the carrier concentration in the BLG to be 
controlled independently. Although it is unsuitable to control these two parameters independently, 
opening the bandgap by surface charge transfer is based on a single gate (back-gate) device, which has a 
simple device configuration. These two techniques require different device configurations. However, 
these two mechanisms (a gate electric field and surface charge transfer) can coexist in both device 
configurations. In back-gate devices, applying a gate voltage to the back-gate electrode generates a 
vertical electric field, although the strength of the resultant displacement field between the two 
constituent graphene layers is not as strong as that in the double-gate configuration. In double-gate 
devices, in addition to foreign molecules/atoms unintentionally adsorbed on the surface, the metal 
contacts induce charge transfer, caused by the Fermi level alignment between the metallic electrodes and 
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the BLG. While the number of surface adsorbates is expected to be reduced by improving the device 
fabrication processes, metal contacts are a required component in FETs. However, the bandgap opening 
in BLG at the metal contacts has not been addressed experimentally thus far. 
In this Letter, we experimentally examine the bandgap of BLG at the metal contacts in single-gate 
(back-gate) FETs. Superlinear electric-current (the drain current ID) vs. voltage (the drain voltage VD) 
characteristics were observed in back-gate BLG FETs. The superlinearity could be tuned by the gate 
voltage (VG), and was higher in the positively-gated regions. This result is consistent with hole doping 
from the metal contacts, which forms a pnp junction in the positively-gated region and causes a current 
to tunnel through bandgap at the two pn junctions. 
The graphene flakes were fabricated by mechanical exfoliation from a graphite crystal using 
adhesive tape. They were placed onto a highly-doped Si substrate with a 300-nm-thick thermal oxide 
layer on top of it. The doped Si and SiO2 layers were the gate electrode and gate dielectric, respectively. 
The number of layers in the graphene flakes was confirmed by the optical contrast and Raman scattering 
spectra. Source/drain electrodes were patterned by electron-beam lithography and were formed by 
thermally evaporating metals followed by a liftoff process. The electrodes were Au films with a 0.7-nm-
thick Cr adhesion layer. The electrode contact length along the channel length direction was 1 μm. After 
liftoff, the fabricated back-gate FETs were rinsed in acetone and 2-propanol. The electrical 
measurements were performed in air in the dark and at room temperature unless otherwise stated. 
Figure 1a shows the transfer (ID–VG) characteristics for an as-fabricated BLG FET with a channel 
length, L = 0.5 μm and VD = 10 mV. The non-zero and positive charge-neutrality point (VNP, defined as 
the VG that corresponds to the minimum ID) indicate the presence of charged impurities that doped the 
BLG with holes and are likely environmental molecules such as oxygen and water.
13,14
 The output (ID–
VD) characteristics for the same FET were also measured with VG ranging from VNP − 60 to VNP + 60  V 
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in 10 V steps (see Fig. 1b). Superlinear curves are clearly observed. To parameterize the nonlinearity, 
the differential conductances (dID/dVD) were calculated from the output characteristics in Fig. 1b using a 
difference method (Fig. 1c). For the superlinear curves, the difference calculated by subtracting the zero-
bias conductance from the dID/dVD value at 1 V should be positive, while it should be negative for the 
sublinear curves. This difference, Δ(dID/dVD), is plotted against VG − VNP in Fig. 1d. The degree of the 
nonlinearity had a VG dependency, where Δ(dID/dVD) was positive in the positively-gated region and 
significantly decreased as |VG| increased in the negatively-gated region.  
There are two types of nonlinearity: namely, sublinearity and superlinearity. Thus, the causes for 
the nonlinear ID-VD characteristics are also classified into these two types. Carrier velocity saturation by 
optical phonon scattering
15,16
 and self-heating
17
 are known to lead to sublinearities. The charge transport 
across a charge-injection barrier (Schottky barrier)  can be generally characterized by thermionic 
emission, which is known to cause superlinearities.
18
 The transport through a tunneling barrier is also 
known to be superlinear at relatively high bias voltages.
19
 In addition, superlinear-like kinked ID-VD 
curves are caused by the formation of an ambipolar channel.
15
 Although the actual shape of the ID-VD 
curves is determined by the combination of these effects, the observation of superlinear curves 
unambiguously indicates the presence of the cause(s) for superlinearities. Each cause will be examined 
below. 
An ambipolar channel is formed when the magnitude of VD is higher than that of VG − VNP. The 
lowered gate-to-channel potential caused by the finite VD can induce carriers with the opposite polarity 
at the drain end. This leads to a sudden increase in the electrical current.
15
 As shown in Fig. 1d, 
superlinear ID-VD curves are also observed when |VG − VNP| is higher than the maximum |VD| used (1 V). 
In addition, the observed ID-VD curves had no kink, excluding the possibility of the formation of an 
ambipolar channel. 
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One possible source for the tunneling is an unintentionally-formed interfacial layer at the metal-
BLG contacts. Possible origins are metal oxide and contamination layers. These thin interfacial layers 
are known to induce distorted (double-dip-type) transfer characteristics in SLG FETs,
20,21
 but this is not 
the case in the BLG FETs in this study (Fig. 1a). To further confirm the nonexistence of the interfacial 
layers, SLG FETs were investigated. The formation of a sizable bandgap was not expected at the 
incommensurate metal-SLG contacts.
22
 Thus, a superlinearity caused by tunneling should not be 
observed in the SLG FETs with no interfacial layer. Figure 1e shows the transfer characteristics of a 
SLG FET with L = 0.5 μm and VD = 10 mV. The output characteristics were measured with VG ranging 
from VNP +50 to VNP −50 V in 10 V steps (Fig. 1f), which were used to calculate the dID/dVD and 
Δ(dID/dVD) in Figs. 1g and h, respectively. As expected, a superlinearity, i.e., a positive Δ(dID/dVD), is 
not observed in Fig. 1h. Instead, negative Δ(dID/dVD) values are observed, indicating sublinear ID–VD 
characteristics. This was a result of carrier velocity saturation by optical phonon scattering
15,16
 and/or 
self-heating.
17
 Negative values were also observed in the BLG FETs with large negative VG (see Fig. 1d). 
The absence of the superlinearity in SLG FETs was confirmed in 14 SLG devices among the 16 devices 
tested, while all of the tested BLG FETs (19 devices) showed the superlinearity. This strongly supports 
that the superlinear output characteristics observed in the BLG FETs originated mostly from sources 
other than the unintentional formation of interfacial layers at the metal contacts. 
A charge-injection barrier generally occurs at a metal contact on a semiconductor with a bandgap. 
For metal-BLG interfaces, the magnitude of the induced bandgap is predicted to be small (~0.1 eV at 
Au-BLG contacts
23
). If the Fermi level (EF) of the BLG under the contacts has a larger shift from the 
charge neutrality point than half of the predicted bandgap, then the BLG under the contact should be 
degenerately doped. In this case, a charge-injection barrier can be eliminated. Figure 2a shows the L-
dependence of the transfer characteristics of as-fabricated BLG FETs measured with VD = 10 mV. The 
VNP shifted to more positive VG as L became shorter (Fig. 2b), which is attributed to hole doping from 
the metal contacts.
24
 The obtained VNP values are considered to mainly reflect the charge neutrality point 
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of the channel center,
24
 because the ability of VG to control the potential of the BLG under the contacts 
should be limited (called charge-density pinning), which is the case for SLG FETs.
25
 The EF shift (ΔEF) 
was calculated from the VNP values with the relationship, ΔEF = ħ
2πε0εrVNP/(2dqm
*
), where ħ is the Dirac 
constant, ε0 is the permittivity of vacuum, εr is the relative permittivity of the gate insulator (3.9), d is the 
thickness of the gate insulator (300 nm), q is the unit electronic charge, and m
*
 = 0.033m0 (m0 is the bare 
electron mass) is the effective mass of the carriers in BLG.
26
 By extrapolating to zero L, the ΔEF at the 
contacts was estimated to be 0.25 eV. This corresponds to a hole concentration of 6.9 × 10
12
 cm
−2
, and 
thus high-energy (valence) bands can be excluded here.
27
 The ΔEF is sufficiently higher than half of the 
expected bandgap at the metal-BLG contacts.
23
 Thus, the BLG under the contacts should be 
degenerately doped, justifying the exclusion of a charge-injection barrier. 
According to the discussions above, band-to-band tunneling
28
 is expected to be a dominant cause 
of the superlinearity observed in BLG FETs. Tunneling currents have a much weaker temperature 
dependence than thermionic-emission currents. To measure the temperature dependence, as-fabricated 
BLG FETs were introduced into a vacuum probe station and the ID–VD characteristics were measured at 
VNP in the temperature range from 83 to 280 K. The pressure of the system during the measurements was 
on the order of 10
−4
 Pa. A FET with L = 0.2 μm was used because FETs with shorter channels have 
larger contributions from the metal contacts. There were almost no dependences of the degree of 
nonlinearity, Δ(dID/dVD), and the zero-bias conductance on the temperature, as shown in Fig. 3a and b, 
respectively. These results support the above theory where the superlinear curve in back-gate BLG FETs 
is caused by tunneling through the bandgap. 
When a graphene layer is hole-doped by the contact, the hole concentration in the upper graphene 
layer that is in direct contact with the metallic electrode is higher than that of the lower layer owing to 
screening.
29–31
 The charge screening length has been reported to be 1.02 in graphene.
31
 Thus, the hole 
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concentration in the lower layer is approximately 1/e of the upper layer. The potential difference caused 
by the screening induces a bandgap in BLG at the contacts. The magnitude of the bandgap is determined 
by electrical displacement fields. The displacement field ( D  in Ref. 8) corresponding to the ΔEF of 0.25 
eV (Fig. 2b) is 0.62 V nm
−1
, which should induce a bandgap of roughly 60 meV at VG = VNP.
8
 Figure 4 
shows the expected band diagrams for the three VG regions. Partial pinning of the charge density of BLG 
under the contacts is possibly allowed in actual systems,
32,33
 and thus the bandgap should be slightly 
tuned by VG from 60 meV. Considering the hole doping from the contacts to BLG, positive and negative 
VG’s increase and decrease the bandgap, respectively.
8
 A tunneling current should be observed when VG 
> VNP through two pn junctions formed along the channel, and a superlinearity should be observed in the 
same VG range. However, a superlinearity was also observed around VNP as shown in Fig. 1d. 
To further characterize the VG dependence of the nonlinearity, four-terminal measurements were 
performed using a BLG flake patterned by oxygen plasma etching (Fig. 5a). The inner potential probes 
were 1.6 μm from the channel, guaranteeing an invasive nature of the probes.34,35 The device was 
annealed under vacuum (~10
−3
 Pa) at 400 K for 20 h and characterized without breaking the vacuum. 
The four-terminal data also showed a superlinearity around VNP (Fig. 5b). Thus, the superlinearity 
around VNP is not characteristic of the metal contact, but of the channel. This feature might be a result of 
electron and hole puddles in the channel.
36,37
 A potential fluctuation caused by the puddles could induce 
a bandgap, and as a result, tunneling conduction should be unavoidable around VNP. The superlinearity 
consistently decreased as the absolute gate voltage increased. In contrast, the two-terminal data (using 
the outer electrodes; Fig. 5c) showed clear asymmetry with respect to VNP. As observed with the as-
fabricated BLG FETs (Fig. 1d), the degree of the superlinearity somewhat increased in the positively-
gated region as VG increased. This feature can be attributed to tunneling conduction through the bandgap 
at the pn junctions formed by the metal contacts (Fig. 4c). 
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Finally, the electrode contact resistances (RC) were extracted using the transfer length method 
from the channel-length dependent transfer characteristics shown in Fig. 2a. To avoid artifacts, RC was 
calculated using VG − VNP instead of VG.
38
 The extracted RC values are plotted in Fig. 2c. The slight 
decrease around VNP in the RC–VG characteristics was caused by carrier doping from the contacts and the 
higher RC in the positively-gated region is indicative of hole doping from the contacts.
33
 The degree of 
nonlinearity, Δ(dID/dVD), was higher in the positively-gated region, i.e., in the electron conduction 
branch, as shown in Figs. 1d and 5c. Thus, the higher RC in the positively-gated region is partly 
attributable to an additional resistance caused by opening the bandgap and the resultant tunneling 
resistances. 
In conclusion, bandgap opening in BLG at the metal contacts was investigated using electrical 
characterization. Superlinear current-voltage characteristics caused by tunneling conduction through the 
bandgap were observed in BLG FETs. The observed superlinearity was higher in the positively-gated 
regions (VG > VNP), which is consistent with hole doping from the contacts (Cr/Au electrodes were used) 
and band-to-band tunneling through a resultant pnp junction. BLG is considered to be a promising 
material for use in digital applications owing to its (tunable) bandgap. Application in electronic devices 
usually requires a two-terminal device configuration with a total resistance containing the electrode-
contact resistances. Bandgap opening at the metal-BLG interface is an additional source of contact 
resistance and should be carefully considered in future applications. 
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Technology, and a Grant-in-Aid for Scientific Research on Innovative Areas (No. 26107531) from the 
Ministry of Education, Culture, Sports, Science and Technology of Japan; and by a technology research 
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FIG. 1. Electrical properties of (a-d) BLG and (e-h) SLG FETs measured in air in the dark at room 
temperature with L = 0.5 μm. (a,e) Transfer characteristics measured with VD = 10 mV. (b,f) Output 
characteristics measured within VNP − 60 (V) ≤ VG ≤ VNP + 60 (V) for BLG, and VNP − 50 (V) ≤ VG ≤ 
VNP + 50 (V) for SLG. (c,g) First-order derivative of ID, dID/dVD, numerically calculated from the data in 
(b,f). (d,h) Differences in the derivatives at 1 V and 0 V, Δ(dID/dVD) ≡ dID/dVD|1 V − dID/dVD|0 V, 
obtained by linearly fitting the data in (c,g). 
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FIG. 2. Channel-length dependence of the BLG FETs measured in air in the dark and at room 
temperature. (a) Transfer characteristics measured with VD = 10 mV. (b) The charge neutrality point, VNP, 
and corresponding shifts of the Fermi level. The Fermi level shift of BLG under metal contacts was 
estimated to be 0.25 eV by extrapolation. (c) Contact resistance, numerically obtained from the data in 
(a) using the transfer length method. The error bars are standard errors of the least squares fit. 
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FIG. 3. Temperature dependence of (a) Δ(dID/dVD) and (b) the zero-bias conductance of a BLG FET 
measured under a high vacuum in the dark with L = 0.2 μm and VG = VNP. 
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FIG. 4. Expected band diagrams for a BLG FET. The three VG regions, (a) VG ≈ VNP, (b) VG < VNP and 
(c) VG > VNP are displayed. CBM, VBM and EF stand for the conduction band minimum, the valence 
band maximum and the Fermi level, respectively. The bandgap at VNP was estimated to be 60 meV from 
the data in Fig. 2b. 
 
  
14 
12
8
4
0
I D
 (

A
)
80400-40
VG (V)
4T
Vinner = 10 mV
0.15
0.10
0.05
0.00
-0.05
(d
I D
/d
V
in
n
er
) 
(m
S
)
-40 0 40
VG – VNP (V)
4T
12
8
4
0
I D
 (

A
)
80400-40
VG (V)
2T
Vouter = 70 mV 0.10
0.05
0.00
(d
I D
/d
V
o
u
te
r)
 (
m
S
)
-40 0 40
VG – VNP (V)
2T
Vinner
1 μm
Vouter
ID
(a)
(b)
(c)
 
FIG. 5. (a) Optical micrograph of a BLG FET with a four-terminal configuration. The BLG flake is 
outlined by the white dashed line. Electrical properties acquired by (b) four-terminal (4T) measurements 
using noninvasive potential probes with a separation of 0.5 μm and (c) two-terminal (2T) measurements 
using invasive outer electrodes with a separation of 3.5 μm. The electric field strength was equalized 
between these two measurements. The transfer characteristics were measured with Vinner = 10 mV and 
Vouter = 70 mV for the 4T and 2T measurements. The output characteristics were measured within VNP − 
60 (V) ≤ VG ≤ VNP + 60 (V). The degree of the nonlinearity, the difference in the first-order derivative of 
ID at the maximum VD (0.5 and 3.5 V for 4T and 2T measurements, respectively) and 0 V, was 
numerically obtained from the output characteristics. 
 
